for 1 h. Specimens were then dehydrated in a graded series of ethanol and acetone, and embedded in mixture of Araldite and Epon. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined using a JEOL JEM-1011 transmission electron microscope operating at 80 kV.
For histological observations, some specimens were fixed with hot 4% formaldehyde solution, dehydrated through an ethanol series and embedded in paraffin. Serial sections (thickness 12 µm) were stained with haematoxylin and eosin, then mounted in Canada balsam and examined using an Olympus BX-51 microscope.
RESULTS

Ovary
The ovary of Gyrocotyle urna is composed of many isolated ovarian follicles arranged in a horseshoe-shaped cluster and located in the third quarter of the worm's body. Each follicle gives rise to a tubular follicular oviduct (Figs. 1-3), which opens into one of five collecting oviducts (one posteriorly, two laterally and two anteriorly) through which the mature oocytes from all of the ovarian follicles pass. These five ducts open into a common ovarian receptacle ( Fig. 1) , which is quite large, and opens ventrally alongside the median line via a muscular sphincter (oocapt) into main oviduct, which acts as the fertilisation canal (Fig. 1) .
Epithelium of follicles
Each ovarian follicle is enveloped by a compressed epithelial sheath lying on the basal matrix (Figs. 6, 7, 9, 10) . The epithelial nuclei are located close to the base (proximal or basal part) of the follicular oviduct (Fig. 5) . The nuclei contain patches of peripheral and central heterochromatin, and the epithelial cytoplasm around every nucleus is filled with ribosomes and isolated mitochondria (Fig. 5) . The luminal surface area of this epithelial region is increased by narrow luminal processes (Fig. 6 ).
Interstitial syncytium
The intercellular spaces between the tightly packed oocytes are filled with the processes of interstitial cytoplasm (Fig. 7) . The interstitial nuclei are usually located in the peripheral area of the follicle (Fig. 7) . They contain significant patches of heterochromatin. The long, flattened cytoplasmic processes contain mitochondria, a few short cisternae of granular endoplasmic reticulum (GER), myelin-like bodies and large, irregularly shaped accumulations of moderately electron-dense homogeneous material (Figs. 7, 8) .
Germ cells in ovarian follicles
Every follicle contains numerous oocytes at different stages of maturation (Fig. 4) and of continuously increasing size. Simultaneously, the oocytes undergo characteristic cytological changes, which enable differentiation of distinct stages of their maturation. The electron density of the cytoplasm of some oocytes is much greater than in others, probably indicating the presence of higher numbers of ribosomes within the cytoplasm (Figs. 4, 8) . Oocytes are closely packed within the follicles and are often hexagonal in outline (Figs. 4, 8) . Their plasma membrane is generally smooth (Figs. 8, 9, 12, 13) .
Oogonia
The oogonia (6.5 × 4.5 µm) are characterized by a relatively small nuclear-cytoplasmic ratio and by a large nucleus containing dense chromatin patches. They are located in the peripheral regions of the follicles. Their electron-dense cytoplasm is filled with ribosomes ( Fig. 9 ).
Primary oocytes
The earliest stages of differentiating oocytes are located in close vicinity to the follicular epithelium (Figs. 7, 11) . These cells are relatively small (8 × 5 µm) and have a large nucleus with or without a prominent nucleolus. Their cytoplasm is packed with free ribosomes and contains mitochondria (Figs. 7, 11) . A centriole is present Fig. 1 . Diagram of the arrangement of the isolated ovarian follicles and associated oviducts in Gyrocotyle urna. Abbreviations: cd -collecting duct; cm -circular muscles; fc -fertilisation canal; fo -follicular oviduct; mo -mature oocytes; ms -muscular sphincter; ocl -oocapt lumen; of -ovarian follicles; oo -oocytes; or -ovarian receptacle.
within the cytoplasm of this stage (Figs. 11, 15) . During the growth of the oocytes, the number of mitochondria and the volume of the cytoplasm increase.
Secondary oocytes
Maturing oocytes are larger and measure 11-16 µm in length and 7-8.5 µm in width (Fig. 12) . Mitochondria, granular endoplasmic reticulum and Golgi complexes are found throughout the cytoplasm (Fig. 14) . Different number of centrioles can be observed within the cytoplasm (Figs. 16, 18 ). The most striking feature of these cells, however, is the appearance of homogeneous electron-dense granules inside small vesicles arising from the Golgi complexes deeply within the cytoplasm (Figs. 12, 14) . The synaptonemal complexes appear within the oocyte nucleus during further oocyte development (Figs. 12, 17) . Larger maturing oocytes (17-19 × 9-12 µm in diameter) are characterized by a greater number of mitochondria, cisternae of GER, Golgi complexes, a further accumulation of electron-dense granules, and few lipid droplets (Fig. 13) .
Mature oocytes
Mature oocytes are about 20-26 × 12-17 µm in size. They are located more centrally within the ovarian follicles. Their nucleus contains a well-defined nucleolus and there are no synaptonemal complexes (Fig. 19) . Two types of inclusions are most abundant in their ooplasm: small electron-dense, slightly oval cortical granules (0.26 × 0.19 µm), which form a continuous monolayer within the cortical ooplasm; and a few spherical or slightly oval lipid droplets (2.0 × 1.8 µm) (Figs. 19, 21) .
Follicular oviduct
A single duct arises from each ovarian follicle and its lumen is filled with mature oocytes (Figs. 1-3, 21) . The electron-lucent epithelial lining of these ducts is deeply penetrated by numerous long, branched invaginations of the basal plasma membrane (Fig. 22) , along which small islets of electron-dense cytoplasm filled with free ribosomes, mitochondria and sparse GER are present. The epithelial nuclei are flattened, exhibit chromatin patches and are scattered along the basal and middle portions of epithelial lining. Nuclei are surrounded by a narrow area of electron-dense cytoplasm (Fig. 22) . The ducts are enclosed by a basal matrix continuous with that of the ovarian follicles and, peripherally, by circular muscles (Fig. 22) . Mature oocytes within the lumen of the follicular oviducts are usually arranged in a single or double row. Most of their cortical granules are immediately adjacent to the oocyte plasma membrane.
Main collecting ducts
The epithelial wall of five collecting oviducts (Figs. 1, 2, 24) has the same ultrastructural morphology as that of the follicular oviducts. Numerous septate junctions are present within the distal portions of the net-like epithelial wall of these ducts, close to the ovarian receptacle (Figs. 23, 26, 27) . Three, four or more tightly packed mature oocytes may be located side by side within the lumen of the ducts (Fig. 24) .
Ovarian receptacle
The ovarian receptacle represents an enlarged reservoir for germ cells and collects mature oocytes from the five Figs. 11-18. Ultrastructure of the primary and secondary oocytes of Gyrocotyle urna. Fig. 11 . Primary oocyte, showing mitochondria and one centriole within the ooplasm; note the well-developed nucleolus within the nucleus. Fig. 12 . Secondary oocyte; note an accumulation of parallel GER cisternae and few electron-dense granules in the cytoplasm; four synaptonemal complexes are visible in the nucleus. collecting ducts (Fig. 1) . The epithelial lining of the ovarian receptacle is characterized by the presence of two types of apical structures on the luminal surface: lamellae and cilia (Fig. 25) . The nuclei are located within epithelium of the ovarian receptacle and there are numerous invaginations of the basal membrane that may reach the luminal surface (Fig. 25 ).
Oocapt and main oviduct (fertilisation canal)
A muscular sphincter (oocapt) surrounds the junction between the ovarian receptacle and the distal oviduct. It is characterized by a well-developed, closely packed musculature beneath the oocapt epithelium (Fig. 29) . The latter is a prolongation of the epithelium of the ovarian receptacle and has the same structure (Figs. 1, 25) . The luminal wall of the oocapt and distal oviduct (or fertilisation canal) bears cilia and lamellae along its length (Figs. 28, 31, 32) . Free cortical granules can be observed within the lumen of this duct (Figs. 30, 31 ).
DISCUSSION
Comparison of the anatomical features of the ovary and its associated oviducts in neoophorans
The present investigation shows the division of the ovary of Gyrocotyle urna into isolated follicles and an unusual pattern of multiple 'oviducts', referred to by us as 'the follicular oviducts', five 'collecting ducts', 'the ovarian receptacle', an oocapt and 'the main oviduct' (or fertilisation canal). The same pattern of the ovary and its collecting ducts has previously been described in light microscope studies by Watson (1911) and Lynch (1945) for Gyrocotyle fimbriata Watson, 1911 and G. urna . The division of the ovary of Gyrocotyle into separate follicles with their own oviduct was also noted by Fuhrmann (1931) , and the presence of an ovarian receptacle in gyrocotylidean species has also been mentioned by Joyeux and Baer (1950) . Thus, the present work provides the first ultrastructural data on gyrocotylidean ovarian follicles and multiple connecting ducts of G. urna.
The division of the ovary and the arrangement of associated ducts observed in gyrocotylideans have been reported previously among platyhelminths for the basal monogenean genus Chimaericola (Bychowsky 1957). All other neodermates possess a single ovary with a single oviduct. For example, in "true" tapeworms (Eucestoda) the female reproductive system has a single lobed, bilobed or multilobed ovary, which may differ in size and shape, and may be compact or diffuse; mature oocytes leave the ovary via a single oviduct (Wardle and McLeod 1952, Schmidt 2000) . In some polyzoic, strobilized tapeworms, with a doubling of the reproductive organs, two ovaries occur within a single segment (Schmidt 2000) . In some caryophyllideans (monozoic tapeworms) and bothriocephalideans (polyzoic tapeworms) the ovary may be divided by numerous deep invaginations of its epithelial sheath, it may give the appearance of being follicular, but the ovarian lobes are united by a narrow isthmus (Mackiewicz 1972, Campbell and Gartner 1982) .
Variation in ovarian shape (bilobed or coarsely or finely lobed, or lobate, or smooth and irregularly-shaped with rough surface) has been mentioned for the Amphilinidea by Dubinina (1982) and Bandoni and Brooks (1987) . In Amphilina bipunctata Riser, 1948, the ovary has 8-10 irregular, digitiform processes which extend laterally and anteriorly from a central core (Coil 1987) .
Most species of the Monogenea (excluding members of the basal family Chimaericolidae) and, in the vast majority of the cases, the Digenea (part of the Trematoda) are characterized by a single ovary which can differ in the shape and size and is connected to a single oviduct (Bychowsky 1957 , Gibson 1996 , Conn 2000 , Galaktionov and Dobrovolskij 2003 .
In neoophorans, most members of the Rhabdocoela also have a single ovary (Falleni and Lucchesi 1992 , Lucchesi et al. 1995 , Falleni et al. 1998 . Most species of the Proseriata possess ovaries with several germ cells at different stages of maturation Nigro 1984, Gremigni 1988 ), but proseriates of the families Nematoplanidae, Polystyliphoridae and Otoplanidae possess two to six pairs of ovarian follicles and each of them is connected via a short oviduct to a common ovovitelloduct (Sopott-Ehlers 1986 , 1991 , Falleni and Gremigni 1992 . Paired ovaries have also been found in Kronborgia isopodicola Blair et Williams, 1987 (Fecampiidae) , a fl at-(Fecampiidae), a flatworm with an endoparasitic phase of life (Williams 1989 ).
Components of the ovary of Neodermata
The maturation of oocytes of G. urna follows the pattern described in the other neodermates. They increase in size and change their cytological characteristics from poorly differentiated cells (oogonia and primary oocytes) to secondary and mature oocytes. Secondary oocytes are characterized by synaptonemal complexes in the nucleus, and their subsequent disappearance is typical in mature oocytes, indicating that the oocytes enter the diplotene phase while still in the ovary (Holy and Wittrock 1986) . The development of GER and Golgi complexes within the cytoplasm of growing oocytes is a result of the production of electron-dense granules and lipid droplets and the subsequent migration of these granules to the cortical ooplasm, where they form a continuous monolayer. Oocytes of many neodermates contain cytoplasmic inclusions, such as lipids and cortical granules. The structure of the cortical granules has been shown to be useful in phylogenetic studies of the Platyhelminthes (Sopott-Ehlers 1991). Small cortical granules (less than 0.3 µm) are present in the Digenea, Aspidogastrea (both groups form Trematoda), Gyrocotylidea and Eucestoda (Cestoda) Figs. 19-23 . Ultrastructure of the mature oocytes and follicle ducts of Gyrocotyle urna. Fig. 19 . Mature oocyte showing nucleus with well-defined nucleolus, abundant mitochondria, lipid droplets and peripheral monolayer of cortical granules. Fig. 20 . Cortical granules within outer cytoplasm of two adjacent mature oocytes in the ovarian follicles. Fig. 21 . Mature oocytes within lumen of the follicular oviduct. Fig. 22 . Portion of the epithelial wall of the follicular oviduct; note two nuclei and deep invaginations of the basal membrane of the duct epithelium. Fig. 23 . Portion of the epithelial wall of the collecting duct showing zone of the septate junctions. Abbreviations: bi -basal invaginations; bm -basal matrix; cg -cortical granules; cm -circular muscles; dc -dense cytoplasm; ewepithelial wall; l -lipids; m -mitochondria; mo -mature oocyte; n -nucleus; nc -nucleolus; pm -plasma membrane; zj -zone of septate junctions. (Hathaway 1979 , Justine and Mattei 1984 , Grant et al. 1977 , Cifrian et al. 1993 , Poddubnaya et al. 2007 .
Different number of centrioles and their arrangement, as found in the ooplasm of different stages of oocyte maturation in G. urna, has been reported only exceptionally for platyhelminths and the presence of the centrioles within the ooplasm has only been noted for two digenean species (Erasmus 1973, Awad and Probert 1990) . Centrioles are typical organelles in animal cells and the difference in their number and arrangement is a result of their so-called "centriole cycle" during mitotic division (Swanson and Webster 1980, Zavarzin and Kharasova 1982) . The study of oogenesis in Amphilina bipunctata has also revealed the presence of centrioles at different stages of their development (formation) within the oocytes (Poddubnaya and Xylander, unpublished data) .
In addition to the germinal components, syncytial interstitial tissue is present in the ovarian follicles, the cytoplasm of which fills the spaces between the oocytes in G. urna. Such interstitial cells are known from different organs of neodermates and are supposed to be responsible for the transport of nutrients and energy sources (Gresson 1964 , Orido 1987 , Conn 1993 , Świderski and Xylander 2000 , Podvyaznaya 2003 , Poddubnaya et al. 2005a , Conn et al. 2009 ). Agglomeration of large homogeneous inclusions within follicular space of G. urna has not been observed in other neodermates; their nature and function are unclear. It should also be noted that G. urna may survive in its definitive host for many years and possibly for as long as the fish survives (Dienske 1968 , Land and Templeman 1968 , Allison and Coakley 1973 .
Ultrastructural characters of the oocapt and oviduct in Neodermata
In neodermates the oocytes are usually transported from the ovary to the oviduct through the oocapt, the epithelial wall of which is a prolongation of the ovarian epithelium; numerous muscle bundles are present beneath this epithelium. Thus, the oocapt represents a muscular sphincter. Its ultrastructure has been investigated in digeneans, monogeneans and cestodes (Gupta et al. 1983 , ElNaggar et al. 1990 , Podvyaznaya 1990 , 2003 , Davydov et al. 1994 , Galaktionov and Dobrovolskij 2003 , Poddubnaya et al. 2007 . Another structure of the oocapt, a syncytial cell which blocks the lumen and controls the passage of mature oocytes into the oviduct, has been observed in the monogenean Entobdella soleae Beneden et Hesse, 1864 (see Tappenden et al. 1993 ) and in the spathebothriidean cestode Cyathocephalus truncatus (Pallas, 1781) (see Poddubnaya et al. 2005b) .
In G. urna, however, the muscular sphincter (oocapt) is situated between the ovarian receptacle and the distal portion of the oviduct. Oocytes develop asynchronously within the ovarian follicles of G. urna and mature oocytes apparently pass into the follicular oviducts without any special regulation, their passage being restricted only as they pass from the ovarian receptacle into the main oviduct. Light microscopical studies on Gyrocotyle by Watson (1911) and Lynch (1945) showed that this main oviduct, immediately distal to the ovarian receptacle, which receives a short duct from the seminal receptacle, functions as a fertilisation canal. Our data support this assumption because most cortical granules of G. urna are close to or in direct contact with the oolemma of mature oocytes located within the lumen of the follicular oviducts, the five collecting ducts and ovarian receptacle, but they are free in the lumen of the main oviduct distal to the muscular sphincter. Cortical granules play a crucial role in the so-called "cortical reaction" and are considered to prohibit polyspermy in some animals (Tyler 1965 , Guraya 1969 , Grey et al. 1976 , Świderski 1976 , Świderski and Conn 1999 , Świderski et al. 2004 . It is likely that the muscular sphincter controls in G. urna the passage of mature oocytes from the ovarian receptacle into the fertilisation canal.
Our study has shown that the oviduct of Gyrocotyle is represented by multiple ducts that form an ovarian receptacle for mature oocytes prior to forming the fertilisation canal. The morphology of the epithelium of both the follicular oviducts and the collecting oviducts of G. urna differs from that previously observed in other Neodermata. The epithelial wall of these ducts resembles an aggregation of thin, branching processes with nuclei scattered between them. Indeed, the basal plasma membrane of the epithelium, resting on the basal matrix, forms deep invaginations into the electron-lucent epithelial cytoplasm of the ducts, and nuclei and small, electron-dense cytoplasmic areas occur only alongside their length. The luminal surface of the follicular oviducts and the collecting oviducts is smooth. A similar structure of the epithelial wall of the oviduct (or ovovitelline duct for fecampiids) has been observed in Kronborgia isopodicola by Williams (1990) , who indicated that this wall of unusual structure is "composed of intricately interdigitating processes and nuclei are rarely encountered" (Williams 1990, p. 962) .
The epithelial surface of the collecting oviducts close to the ovarian receptacle, as well as the surface of the ovarian receptacle, oocapt and fertilisation canal, is covered with lamellae and cilia. Large zones of septate junctions have been observed within the epithelial lining of the distal portions of the collecting ducts of G. urna. However, a syncytial and lamellate structure of the oviduct lining is found in the Eucestoda and Monogenea (El-Naggar et al. 1990 ; see review of the oviduct structure in eucestodes by Poddubnaya et al. 2005b) . The oviduct of the Digenea is characterized by a lamellate and ciliated surface and there are contact zones between its epithelial cells (Erasmus 1973 , Rees 1979 , Thulin 1982 , Podvyaznaya 2003 . Therefore, the present data show that the ultrastructure of the lining of the multiple parts of the oviduct of G. urna Fig. 32 . Epithelial wall of the distal portion of the fertilisation canal with apical lamellae and cilia. Abbreviations: bi -basal invaginations; bm -basal matrix; c -cilia; cg -cortical granules; ew -epithelial wall; fc -fertilisation canal; lm -lamellae; mb -muscle bundles; mo -mature oocyte; ms -muscular sphincter; n -nucleus; ocl -oocapt lumen; or -ovarian receptacle; sj -septate junction. Scale bars: differs from that of the Monogenea and the Eucestoda. In the presence of the lamellae and cilia on the surface of the ovarian receptacle, oocapt and fertilisation canal as well as the septate junction zones within collecting ducts, the oviducts of Gyrocotyle resemble those of the Digenea.
Phylogenetic remarks
The neoophoran type of the female gonad is present in neodermates. Nevertheless, the pattern of the ovarian and oviduct arrangements of G. urna described above is unique among the Neodermata. The division of the ovary into separated parts with their own collecting ducts as that present in Gyrocotyle has been observed only in species of the basal monogenean family Chimaericolidae of Gyrocotyle, which supports the suggestion by Bychowsky (1957) of an intermediate evolutionary position of the Gyrocotylidea between the Monogenea and Cestoda within the Cercomeromorphae. Among the Neoophora some Proseriata and some Fecampiidae have an arrangement of the ovary in the form of isolated follicles and collecting ducts. Recent molecular phylogenetic studies have shown that Adiaphanida (including Prolecitophora, Tricladida and Fecampiidae) are a sister taxon to the Neodermata, but Proseriata appear to be basal to Neodermata and Adiaphanida (Lockyer et al. 2003 , Willems et al. 2006 , Littlewood 2008 .
